INTRODUCTION

44
MacArthur (1955) , Elton (1958) , and even Darwin (Turnbull et al. 2013 ) recognized the potential 45 for compensatory dynamics among species to stabilize ecosystem functioning in fluctuating envi-46 ronments. This idea underlies the "insurance hypothesis" (Yachi & Loreau 1999) , which states that 47 might be buffered if fluctuation-dependent coexistence adds new species to the community. Such a 81 paradox complicates predictions about how ecosystems will respond to predicted departures from 82 historical ranges of environmental variability.
83
The opposing effects of environmental variability on ecosystem variability might explain 84 the mixed results from observational studies on the diversity-ecosystem variability relationship.
85
Observational tests of the diversity-ecosystem variability relationship, which require sampling 
95
The gap between theoretical expectations and empirical results of diversity-ecosystem vari-96 ability relationships might reflect the divergence of theory developed to explain species coexistence 97 and theory developed to explain diversity and ecosystem variability. In his thorough review of the 98 topic, Loreau (2010) cautions that "one of the pieces of the stability jigsaw [puzzle] that is still 99 missing here is the interconnection between community stability and the maintenance of species 100 diversity due to temporal environmental variability." One reason these two disciplines have diverged 101 is because they have focused on different questions. Diversity-ecosystem variability studies typi-richness and ecosystem variability to cases in which species coexistence explicitly depends on 108 environmental fluctuations and species-specific responses to environmental conditions. We focus 109 on communities where coexistence is maintained by either the temporal storage effect or relative 110 nonlinearity using a general consumer-resource model. We use the model to investigate two 
MATERIALS AND METHODS
117
Consumer-resource model 118 We developed a semi-discrete consumer-resource model that allows multiple species to coexist on 119 one resource by either the storage effect or relative nonlinearity. In our model, the consumer can (t = 1, 2, 3, . . . , T ). The notation t(t) reads as: "day t within growing season t."
127
At the beginning of growing season t a season-specific fraction (g i,t ) of dormant biomass is consumer-resource dynamics that are modeled as two differential equations:
dR dt
134
where the subscript i denotes species, N i is living biomass, and e i is species-specific resource-to- under the assumption that we are working with abundant species with generous seed dispersal.
147
We assume the resource pool is not replenished within a growing season. Resource replenish-148 ment occurs between growing seasons, and the resource pool (R) at the start of the growing season 149 is R t(0) = R + , where R + is a random resource pulse drawn from a lognormal distribution with mean 150 µ(R + ) and standard deviation s (R + ). Taken all together, we can combine equations 1 and 4 to 151 define the discrete transitions between live and dormant biomass at the end of a growing season.
152
Thus, the initial conditions for each state (D, N, R) at the beginning of growing season t + 1 are: a common species, resource uptake will be above average because combined population size will 183 be above average. In a year when g is high for rare species and low for common species, resource 184 uptake will be below average because combined population size will be below average. Subadditive 185 population growth buffers populations against large population decreases in unfavorable years. It
186
is included in our model through a dormant stage with very low death rates, which limits large 187 population declines in bad E years.
188
We generated sequences of (un)correlated dormant-to-live state transition rates (g) for each we constrained all r i, j 's to be equal. In a two-species community, the inferior competitor has 195 the greatest potential to persist when r = 1 (perfectly uncorrelated transition rates). However,
196
in a four-species community the minimum possible correlation among species is -1/3 given our
197
constraints that all r's are equal and that S(g) must be positive-definite. We used the R function 198 mvrnorm to generate sequences of (un)correlated variates E that we converted to germination rates 199 in the 0-1 range: g = e E / 1 + e E . is only possible, however, if when each species is dominant it improves conditions for its competitor.
213
This occurs in our model because when a resource conservative species (e.g., species B in Fig. 1C )
214
is abundant, it will draw resources down slowly after a pulse, and its competitor can take advantage 215 of that period of high resource availability. Likewise, when a resource acquisitive species (e.g.,
216
species A in Fig. 1C ) is abundant, after a pulse it quickly draws down resources to levels that favor treatments within a site. We refer to the former as a "regional" relationship, and the latter as a "local"
232
relationship. But we do not attribute any particular area size to "region", it is simply any area over 233 which a gradient of environmental variability exists.
234
To understand how increasing environmental variability will impact ecosystem variability maximum resource uptake at low resource levels, but their maximum uptake rates are modest.
248
For these species, population responses to resource fluctuations are buffered. "Unstable" species 249 have very high maximum uptake rates, which they only achieve when resource availability is high,
250
leading to large population fluctuations. The difference in the intrinsic stability of these two kinds 251 of species makes our simulations sensitive to initial conditions. Therefore, we ran two sets of 
277
RESULTS
278
When we allowed the variance of the environment to determine which of four initial species co-
279
existed, similar to a study across a natural diversity gradient, we found a positive relationship 280 between richness and ecosystem variability, defined as the temporal CV of total community biomass
281
( Fig. 2A,C) . This was true for the storage effect, where coexistence is maintained by fluctuating 
287
When we performed species removals but held environmental variability at a level that allows 288 coexistence of all four species, similar to a biodiversity-ecosystem functioning experiment, we found 289 a negative diversity-ecosystem variability relationship (Fig. 2B,D) . Scatter around the relationship 290 was small for the storage effect because all species have similar temporal variances. Regardless 291 of species identity, the presence of more species always stabilized ecosystem functioning through 292 portfolio effects. In contrast, scatter around the relationship was larger for relative nonlinearity
293
( Fig. 2D ) because species with different resource uptake curves had different population variances.
294
Depending on which species were present, two-species communities were sometimes less variable 295 than three-species communities. Furthermore, the slope of the relative nonlinearity diversity-296 ecosystem variability relationshp in Fig. 2D is sensitive to species' traits: the difference among 297 species' resource uptake determines the spread of single-species communities along the y-axis. This 298 means that the relationship can become flat as species become more similar.
299
For the storage effect, total community CV decreased with species richness at a given level 300 of environmental variability because additional species reduced the temporal standard deviation 301 due to portfolio effects (Fig. SI-7) . Mean biomass remained the same because all species had 302 the same resource uptake functions, which was necessary to eliminate any potential effects of 303 relative nonlinearity. Portfolio effects under the storage effect remained strong in an eight-species 304 community, where total community CV saturated after addition of the fifth species ( Fig. SI-1 ).
305
For relative nonlinearity, total community CV decreased with species richness at a given level 306 of environmental variability because additional species increased mean biomass (over-yielding) 307 and, at higher richness (three to four species), reduced the temporal standard deviation (Fig. SI-7 ).
308
Mean biomass increased because some species had higher growth rates (Fig. SI-5 ), increasing total 309 biomass.
310
To understand how much species additions might stabilize ecosystem functioning as envi-
311
ronmental variability increases, we simulated our model over a range of environmental variance 312 and species pool sizes. For both coexistence mechanisms, realized species richness increased with 313 environmental variability and, in some cases, increases in richness completely offset the effect of 314 moderate increases in environmental variability on ecosystem variability ( Fig. 3 and 4) . More 315 species rich communities were less variable on average and, under the storage effect, they increased 316 in ecosystem CV at a slower rate than communities with fewer species (e.g., lower slopes in log-log 317 space; Fig. SI-8) . The buffering effect of species richness under the storage effect is also evident in 
321
The dampening effect of fluctuation-dependent coexistence on increasing environmental 322 variability depends on the specific traits (parameter values) of the species in the regional pool.
Under the storage effect, moderately asymmetric competition makes it more difficult for new 324 species to enter the local community, but once they do enter, ecosystem CV is similar between 325 communities with low and moderate competitive asymmetries ( Fig. 3 ; compare top and bottom 326 panels). Moderately asymmetric competition does decrease the rate at which ecosystem CV 327 increases with environmental variance (Fig. SI-8 new species to enter the community and contribute to porfolio effects (Fig. 3) . When the correlation
332
of species' environmental responses were as negative as possible (r = 1/3), ecosystem CV of 333 the four-species community was immune to increases in the environmental cue variance (Fig. 3A) .
334
However, more extreme increases in the variance of the environmental cue, which increase the 335 number of extremely low or high germination events (i.e., g ⇡ 0 or 1; Fig. SI-9 ), eventually caused 336 ecosystem CV to increase in the four species community (Fig. SI-10 ).
337
In communities where species coexist via relative nonlinearity, the extent to which species 338 additions buffer ecosystem stability against increases in environmental variability depends on the 339 species traits of immigrating species and the order in which they enter the community. When 340 additional species, which immigrate from the regional pool, are less intrinsically stable than the 341 resident species, ecosystem variability increases at a relatively constant rate even as species are 342 added ( Fig. 4A; Fig. SI-11 ). If more stable species colonize, species additions buffer the ecosystem 343 from increasing environmental variability (Fig. 4B ).
344
We tested the generality of our results under different parameters by conducting a targeted 
365
When we allowed communities to assemble at sites across a gradient of environmental 366 variability, we discovered a positive relationship between species richness and ecosystem variability 367 ( Fig. 2A,C) . While surprising when viewed through the lens of biodiversity-ecosystem functioning increased variability into higher species richness (Fig. SI-6 ), but the increase in environmental 372 variability also increases ecosystem variability. However, the apparent saturation of the relationship 373 in Fig. 3A suggests that the portfolio effects that buffer ecosystems against environmental variability, and inherently emerge under the storage effect, get stronger as more species are able to coexist.
375
Indeed, the relationship between species richness and ecosystem CV completely saturates under 376 the storage effect in more species rich communities (Fig. SI-1 ). This suggests neutral diversity-377 ecosystem variability relationships are possible due to the storage effect.
378
Our results may explain why deviations from the negative diversity-ecosystem variability Another future challenge is to consider how extinction risk due to demographic stochasticity species pool increases from one to four species, with the fourth species being most stable (e.g.,
612
resource acquisitive to resource conservative). In this case, increasing environmental variability 613 allows for greater realized species richness and can temper the effect of environmental variability.
614
Parameter values are as in Figure 2C . 
